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Model-based wind speed data derived from the coastDat2 data set for the North Sea were used to assess
wind power potential considering both spatial and temporal variability. The atmospheric part of coast-
Dat2 was simulated with the regional climate model COSMO-CLM 4.8. The quality of the used wind
speed data is analysed by comparison with buoy and QuikSCAT data. To determine where an offshore
power plant can be cost-effectively developed, the distribution of the possible production dependencies
on the offshore distance is one of the more important factors. A synthetic power function was used to
convert the model-derived wind speeds at a height of 100 m to wind power. The data were analyzed for
the period of 1958–2012, and the results obtained for the decadal and spatial variability were mapped.
The site related summaries are discussed.
The inter-annual to decadal variability can reach up to 5% from the multi-decadal mean and therefore
plays an important role in wind energy; wind power estimates based on short observational time series,
particularly from the late 1990s, may exhibit high biases. The up-scaling from wind speeds at a height of
10 m using conventional power laws may result in similar biases. On inter-annual to decadal time scales,
synergies are not expected from the different arrays in the North Sea, i.e., a decrease in the power output
of an array may not be balanced by another.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Ambitious targets by the European Union attempt to increase
the share of renewable energy sources in the total production of
electric power (European Commission, 2015). Offshore wind
energy clearly plays an important role in these plans. Compre-
hensive assessments of offshore wind resources are needed to
assess the economic feasibility of planned wind farms. The Eur-
opean Environment Agency (EEA) published an assessment of
Europe's onshore and offshore wind energy potential and its
environmental and economic constraints in 2009 (EEA, 2009). The
assessment was based on so-called reanalysed wind ﬁelds parti-
cularly the ERA-40 reanalysis which is produced by the European
Centre for Medium-range Weather Forecast (Uppala et al., 2005).
Reanalyses are obtained from simulations that use present day
state-of-the-art numerical models that project the state of the
atmosphere based on a ﬁnite set of imperfect, irregularly dis-
tributed observations on a regular grid (Glickman, 2000).Ltd. This is an open access articleTypically, such simulations are limited to periods from 1950
onwards and are global in extent; the typical spatial grid sizes are
on the order of 50 to a few hundred kilometres (e.g., Kalnay et al.,
1996), although some regional simulations with higher spatial
resolution exist (e.g. Feser et al., 2001; Mesinger et al., 2006). The
EEA assessed the wind power potential using monthly, daily, and
6-hourly wind ﬁelds from the global ERA-40 reanalysis. Near-
surface marine wind ﬁelds at a height of 10 m covering the period
2000–2005 were used. These data were converted to wind speeds
at a hub height of 120 m; annual averages were subsequently
derived. The variations in the wind speed over a year and the
corresponding full load hours (FLH) were subsequently deter-
mined from a Weibull distribution, a regression and the power-
velocity curves from four different wind turbines. In their report,
the EEA (2009, p.16) deﬁned the FLH as the number of hours per
year that a wind turbine operates at rated power; in the literature,
this is more commonly referred to as equivalent FLH (EFLH). A
theoretical potential of more than 3000 EFLH was estimated for
most offshore areas in the North Sea. Therefore, this area is one of
the most interesting regions for offshore wind development in
Europe. The EEA (2009) further emphasized that the annual
variability in such estimates may be high. By providing individual
estimates for 2003 and 2004, the EEA found variations on theunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ences between the two years. Given the high costs for the devel-
opment of offshore wind farms, the inter-annual variability in the
wind speed plays an important role in determining of the farms'
economic efﬁciency and power output, because the wind power
density (WPD, in W/m2) scales with the cube of the wind speed
(e.g. Pryor et al., 2012 and Frandsen and Petersen, 1993). Pryor and
references therein also noted, in agreement with the estimates of
the EEA (2009), that the inter-annual variability in the WPD is on
the order of 10–15%. However, Pryor et al. (2012) further empha-
sized that the decadal variability may be substantially higher
(approximately 30%).
The decadal variability is typically ignored when wind power
potential is assessed. To our knowledge, a comprehensive assess-
ment of long-term changes and decadal variability in wind energy
potential for the North Sea is lacking. Most studies have been
based on a limited number of years of data from either observa-
tions or global reanalyses. Some indications may be derived from
the existing literature that has addressed corresponding changes
in the storm climatology. For example, Schmidt and von Storch
(1993) found pronounced decadal variability but no signiﬁcant
long-term trend in the German Bight and the North Sea by ana-
lysing geostrophic wind speeds back to 1876. These ﬁndings were
later supported by corresponding analyses for larger areas within
the European Atlantic sector (e.g., Alexandersson et al., 1998,
2000; Matulla et al., 2008). All studies have reported that storm
activity was high at the end of the 19th century, it subsequently
declined to a minimum around 1960 and then it increased to a
maximum in the mid-1990s. The storm activity has been
decreasing again since the mid-1990s. Similar ﬁndings have been
obtained from the analysis of extreme sea levels using tide-gauges
as a proxy for storminess (e.g., von Storch and Reichardt, 1997;
Dangendorf et al., 2013), from the multi-decadal simulations of the
regional atmosphere (e.g., Weisse et al., 2005), or from tide-surges
(e.g., Langenberg et al., 1999; Weisse and Plü, 2006), and wave
models driven by reanalysis data of wind ﬁelds (e.g., Weisse and
Günther, 2007). Existing studies concerning decadal variability and
long-term changes for, e.g., Korea Do-Yong et al. (2013) show in
comparison to our ﬁndings that the decadal variability is not
transferable to other regions on earth.
Although it appears plausible that wind power potential may
have ﬂuctuated in a similar manner, such assessments are not
available to our knowledge. Therefore, the purpose of the present
study is to provide such an assessment based on a novel regional
atmospheric reanalysis for the North Sea. We propose that this
regional reanalysis allows for a comprehensive assessment of both
the climatology of the wind power potential and its decadal
variability by providing hourly wind speed data for the period of
1958–2012 at a grid spacing of approximately 2424 km. In par-
ticular, we aim to provide
 a comprehensive assessment of the wind power potential and
variability in the North Sea based on hourly simulated wind
speed data at a height of 100 m for the period of 1958–2012 and
 an assessment of the thermal effects on estimates of the wind
power potential.
The latter objective is achieved by comparing conventional esti-
mates derived from up-scaled model wind speeds from 10 m to
hub height using conventional power laws (based on the assump-
tion of a neutrally stable boundary layer) with estimates derived
directly from the model output at hub height, in which thermal
effects are included. Most of the assessment is made for theore-
tical values of the wind power potential. Moreover, the con-
strained potential, including concurrent uses of shipping, ﬁshing
and military practices, is also considered by using the presentplans for developing offshore wind; only major planned arrays and
their planned capacity are considered. Other constraints, such as
those caused by array downtime due to maintenance, are not
considered.
The paper is structured as follows. In Section 2, we brieﬂy
describe the regional atmospheric model used to simulate (hind-
cast) the period of 1958–2012, the simulation conﬁguration and
validation of the results against existing observations. Moreover, in
Section 2, we brieﬂy describe the synthetic power-velocity curve
used to convert the hourly model output wind speeds into wind
energy. In Section 3, our results are presented. In particular, we
discuss the wind speed and wind energy climatology, along with
their variability and long-term changes. The latter is presented in
the form of two-dimensional maps and analyses of individual
major arrays. The constraint for the entire North Sea is considered
by integrating the results for the largest arrays and weighting
them by the planned installed capacity. Finally, in Section 4, our
results are summarized and discussed.2. Data and methods
2.1. Description and model set-up of the COSMO-CLM model
We used a non-hydrostatic regional climate model for our
multi-decadal hindcast. The model originates from the former
Local Model (LM) of the Deutscher Wetterdienst (German Weather
Service) that is now used and further developed by several other
European weather services organized in the COnsortium for Small-
scale MOdelling (COSMO model; http://www.cosmo-model.org/).
In our case, we used the so-called climate mode extension, which
was developed by the CLM community (http://www.clm-commu
nity.eu) to enable the COSMO model to run for long-term simu-
lations of up to several centuries (COSMO-CLM or CCLM).
In particular we used the COSMO-CLM version 4.8 (Rockel et al.,
2008; Steppeler et al., 2003) for a domain covering Europe and
adjacent seas, including most of the northern North Atlantic, at a
spatial grid size of 0.22 degrees on rotated coordinates. The latter
corresponds to a horizontal grid spacing of approximately 24 km.
Forty vertical levels were used up to a height of 27 km, with a
higher resolution at the lower boundary. The upper boundaries of
the lowest layers over water are in heights of 20, 49, 89, 143 and
214 m yielding to wind speed data in the heights of 10, 34.5, 69,
116 and 178.5 m respectively. The surface height and orographic
roughness length were obtained from the Distributed Active
Archive Center's gtopo30 data set (USGS, 2004), while the land–
sea fraction, vegetation parameters, leaf area, root depth and lake
fraction were derived from the Global Ecosystems V2.0 data set.
The soil type was obtained from the Food and Agriculture Orga-
nization of the United Nations (FAO). The climatological deep soil
temperature was provided by the CRU (Climate Research Unit at
the University of East Anglia). Land surface processes, such as heat
and water transport in the soil and the freezing and melting of soil
water and ice, were parameterised using the TERRA-ML
scheme (Schrodin and Heise, 2001; Doms et al., 2011); cumulus
convection was parameterised using the Tiedtke scheme (Tiedtke,
1989). Clouds were determined by the prognostic variables cloud
water and cloud ice. Vertical turbulent ﬂuxes are calculated with a
turbulence scheme (Raschendorfer, 2001; Mironov and Raschen-
dorfer, 2001) based on a closure scheme on level 2.5 as described
by Mellor and Yamada (1982). The horizontal turbulent ﬂuxes are
neglected as the boundary layer hypothesis of horizontal homo-
geneity is applied. The ﬂux-gradient relationship is applied to
estimate turbulent ﬂuxes from resolved quantities. Calculations of
turbulent diffusion coefﬁcients are based on mixing length
(Blackadar, 1962), the Turbulent Kinetic Energy (TKE) and stability
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determined prognostically using an additional transport equation
with diagnostic dissipation. Surface Fluxes are treated very similar
by choosing the mixing length at the model bottom to be equally
to the roughness length, and assuming that it is proportional to
the vertical height within the ﬁrst model layer (Prandtl-Layer). We
run the model ﬁrst for the period of 1948–1952 as a spin-up time
for the soil moisture. The actual needed time depends on the
accuracy of the starting point coming from the coarse global
model and the region in Europe. The longest time needed is ﬁve
years in eastern Europe. With the gained values for soil moisture
we restarted the continuous simulation at 1948. Geyer (2014)
provides a detailed description of the model set up.
2.2. The RCM simulation for 1948–2012
A multi-decadal COSMO-CLM integration was analysed to
provide a reconstruction of the regional atmospheric conditions
over more than six decades in Europe and the adjacent seas. The
RCM simulation was driven by a global reanalysis. The interest of
the authors to the long period starting at 1958 and including the
years from 2002 to 2012 excluded all other available global rea-
nalysis product except one of the NCEP/NCAR (Kalnay et al., 1996;
Kistler et al., 2001). The forcing was done by using the classical
approach described in (Davies, 1976). Additionally, the RCM was
forced using the spectral nudging technique proposed by von
Storch et al. (2000) to ensure that the simulation remained similar
to the NCEP/NCAR large scale circulation. This technique may be
considered as an indirect data assimilation approach (von Storch
et al., 2000), and in that way suboptimal because it depends on the
quality of the global forcing ﬁelds. However when no additional
observations are available for assimilation, spectral nudging can be
regarded as a simple approach to “assimilate” global reanalysis
information at high-conﬁdence scales. Therefore, the regional
model should be prevented from signiﬁcantly modifying the scales
that are reasonably resolved by the driving large scale reanalysis
and that are supported by data assimilation (Weisse and von
Storch, 2009). For wind speeds, Weisse and Feser (2003) demon-
strated that the representation of extreme events in RCM simu-
lations could be improved when the spectral nudging approach is
adopted. We used a spectral nudging factor of 0.5 and nudged
every ﬁfth timestep. The forcing data were used as initial state and
6-hourly updated lateral and large-scale boundary conditions for
wind speed, humidity and temperature. Over water, sea surfaceFig. 1. Quantile–quantile-plot of simulated 100 m wind speeds compared with observa
over 01/2004–01/2009, (b) land station tower Cabauw (51.971° N, 4.927° E) using approtemperatures were also used as lower boundary conditions. The
analyses presented in this paper are based on hourly near-surface
wind speeds (10 m height) and wind speeds at a height of 100 m;
both of these ﬁelds were obtained from the hindcast simulation
described above, where the 100 values are calculated by spline
interpolation between the model output in heights of 69 m and
116 m.
2.3. Evaluation of COSMO-CLM hindcast wind speed data
The assessment of wind energy potential greatly relies on the
quality of the wind ﬁeld, at a particular hub height. This wind ﬁeld
is a key uncertainty in the analysis. The performance of the
regional atmosphere hindcast is validated against observational
evidence in this section. Particular emphasize is placed on
(i) evaluation of the wind speeds at hub height and (ii) a com-
parison of the modelled near-surface wind speeds (at a height of
10 m), which are often used for input in wind energy potential
analyses. To evaluate the wind speeds at hub height, we compared
the model output with observations from two platforms/towers at
which longer wind speed records at heights exceeding 100 mwere
available (Fig. 1).
For the Fino1 platform, the modelled frequency distribution
largely resembles the observed distribution, at least for wind
speeds up to approximately 20 m/s. When compared with the
performance of the driving global reanalysis, some improvement
are seen, particularly between 10 m/s and 20 m/s. For wind speeds
less than approximately 10 m/s the performance of the regional
model is roughly comparable to that of the reanalysis; the dis-
tributions of both products closely follow those of the observa-
tions. For wind speeds exceeding approximately 20 m/s, the
regional model simulations overestimate the observed conditions,
whereas the reanalysis exhibits an underestimation in which the
absolute deviations of the data sets are comparable. The compar-
ison for the Cabauw tower in the Netherlands (land station) pro-
vides slightly better results. Here, the improvement is more pro-
nounced, particularly for wind speeds exceeding approximately
15 m/s (Fig. 1). We also compared the performance of the hindcast
with that of its predecessor, which covered a shorter period
(50 years) at a coarser resolution (5050 km) using a different
regional model (Feser et al., 2001; Weisse et al., 2005). The fre-
quency distribution at the typical hub height of 100 m is best
represented in the new hindcast, which outperforms both the
driving global reanalysis and the earlier hindcast, particularly fortions for (a) platform Fino1 (54.01° N, 6.588° E) using approximately 40,000 values
ximately 190,000 values over 1986–1997 and 2000–2010.
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and land near the coast are the only ones available with measuring
heights of 100 m. As the good representation of the coastline is
important for simulating regional effects the added value by the
regional model was expected against the background that wind
speed measurements over land are not assimilated in the NCEP1
reanalysis.
To spatially validate the results using a different approach (i.e.,
not solely based on a comparison at individual points), satellite-
derived wind speeds were also compared with the output.
QuikSCAT wind speed retrievals were used to estimate observed
near-surface marine wind speeds. Accadia et al. (May 2007), Kol-
stad (2008), and Winterfeldt and Weisse (2009), among others,
showed that QuikSCAT provides a good representation of near-
surface (10 m) marine wind speeds in the Northeast Atlantic,
including in the North Sea and in the Mediterranean Sea. We
followed the approach provided by Winterfeldt et al. (2010) and
used a modiﬁed version of the Brier-skill-score (BSS), which is
deﬁned by
BSSmod ¼
1σ2Sσ2R : σ2Srσ2R
σ2Rσ
2
S 1 : σ2S4σ2R
(
to assess the performance of the hindcast. Here, σR denotes the
error variance in the reference data (NCEP1 reanalysis wind
speeds), while σS represents the error variance in the regional
simulated CCLM wind speeds. The score can vary between 1,
where the reference exactly matches the observations, and þ1. For
the hindcast, positive (negative) values indicate an improved
(worse) performance compared with the driving reanalysis; þ1
represents for a perfect hindcast. Following the approach of
Winterfeldt et al. (2010), we ﬁrst compared wind speeds of 3–
20 m/s for the period of 2000–2007 (Fig. 2). Within this range and
in terms of near-surface marine wind speeds, the performance did
not improve compared with the driving global reanalysis, at least
for most of the open ocean regions. However, in most coastal and
near-shore regions, substantial improvements can be inferred,
particularly in coastal regions with complex orography and/or
regional and local wind systems. When the comparison is madeFig. 2. Modiﬁed Brier skill score using the QuikSCAT L2B12 version 2 data set for observ
the simulation; for a comparison with Winterfeldt et al. (2010, their Fig. 3(b)). The whiwith respect to the earlier hindcast (Feser et al., 2001), the per-
formance in the North Sea is very similar, while an improvement
occurs over the Mediterranean, particularly in the Adriatic Sea, the
Aegean Sea and the Gulf of Lyon. As in Winterfeldt et al. (2010) for
wide areas of the North Sea negative Brier skill scores were
achieved. This can be explained by the high quality of both data
sets, the global reanalysis and the regional hindcast (e.g. shown by
Fig. 1(a)) with, nevertheless, a better accordance of the reanalysis
data to the QuikSCAT data. Moreover, the regional model may be
expected to add value for regions and times where small scale
features are important; that is, either near the coast or, for
example, weather fronts. As the latter is not occurring frequently it
is not reﬂected in the overall Brier skill score. However, the skill
score for high winds as may be expected near fronts increases over
sea as well.
In order to elaborate whether the improvement in the higher
wind speed ranges, evident in Fig. 1 is valid also on a larger scale
we repeated the BSS analysis for higher wind speed intervals.
Therefore the observed wind speeds were used under the con-
strain that they lie in the interval 12–25 m/s (moderate to storm
conditions) and 17–25 m/s (storm conditions) respectively (Fig. 3
(c) and (d)). For this analysis we used the new QuikSCAT L2B12
version 3 (Fore et al., 2014) data with adaptation of the co-location
procedure to the model grid with the constraint of half grid mesh
size in both directions.
It can be inferred that within these ranges our new hindcast
performs substantially better for most of the area, coastal as well
as open ocean. This is particularly evident when only storm con-
ditions (17–25 m/s) are considered. For smaller wind speeds (3–
12 m/s, Fig. 3(b)) there is still an added value for most of the
coastal region however the spatial extend is reduced compared to
the performance for the entire valid range of 3–25 m/s (Fig. 3(a)).
Further assessment of the quality of coastDat wind data can
be found in Weisse et al. (2015) who compared near-surface
marine wind speed as well as wave storm surge heights from
models driven by coastDat winds with observations. In summary
we conclude that compared with observations our hindcast
appears to be able to reasonably represent both, the distributionsations, using the NCEP1 reanalysis as the reference and using the CCLM hindcast as
te pixels denote missing data.
Fig. 3. Modiﬁed Brier skill score (as in Fig. 2) with the NCEP1 reanalysis as the reference and the CCLM hindcast as the simulation; the QuikSCAT L2B12 version 3 data set is
used as observational data set for the complete satellite period of 10/1999–10/2009. The individual panels are for observational wind speeds of (a) 3–25 m/s, (b) 3–12 m/s,
(c) 12–25 m/s, (d) 17–25 m/s. The white pixels denote missing data.
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making the data set a reasonable tool to assess wind energy
potential and its variability over the North Sea region.2.4. Synthetic power curves
Depending on the ambient wind speed, a wind turbine can
generate 0–100% of its nominal power. Here, we used a synthetic
but realistic power-velocity curve that is similar to that described
in (EEA, 2009) to convert wind speeds at hub height into wind
energy potentials (Fig. 4). Here, cut-in wind speed was 3 m/s, therated wind speed was 15 m/s, and the cut-out wind speed was
25 m/s. We used a normalized curve with a rated turbine power
output normalized to one (capacity factor). The calculated effective
full load hours (EFLHs), are theoretical values. In practice, EFLHs
are limited by the array efﬁciency and availability. Efﬁciency refers
to a decrease in the theoretical value caused by interference
between turbines due to closer spacing. A typical value is
approximately 90% (EEA, 2009). Availability refers to a reduction in
the theoretical value due to array or turbine downtime that can be
caused, for example, by maintenance. A typical offshore value is
approximately 10% (EEA, 2009).
B. Geyer et al. / J. Wind Eng. Ind. Aerodyn. 147 (2015) 18–29 233. Results
3.1. Climatology
Long-term 1958–2012 averages of wind speed at a height of
100 m derived from the multi-decadal simulation are illustrated in
Fig. 5. Generally, the wind speeds are largest over the open North
Sea (10.5–11.0 m/s) and increase from south to north and from the
coastal waters to the offshore zone. Over open water, the north–
south differences are approximately 1 m/s; the differences are
much stronger near costal areas. For wind speeds at a height of
10 m a similar result is obtained; generally the wind speeds are
approximately 2–3 m/s lower (data not shown). At a height of
120 m the spatial pattern is similar to that found for a height of
100 m, but wind speeds are roughly 0.5 m/s higher (not shown).
This result is in general agreement with results presented by the
EEA (2009, Map 2.2), where average wind speeds exceeding 8 m/sFig. 4. Synthetic power curve.
Fig. 5. Long-term average wind speeds (m/s) at a height of 100 m for the period of 1958
listed in Table 2.at a height of 120 m were reported over the North Sea, based on
the ERA-40 reanalysis during 2000–2005. A more detailed com-
parison is hindered by the contour-line interval chosen in (EEA,
2009).
The spatial distribution of the capacity factor due to the wind
conditions, disregarding the maintenance downtimes, reveals a
similar pattern (Fig. 6). Again the largest values (approximately
0.66) are found over the open North Sea; the capacity factors
decrease from north to south and rapidly decrease towards the
coasts. Over the Baltic Sea, the capacity factors are substantially
smaller. As the offshore wind energy technology restricts the area
where energy production might be possible to sea depths off less
than 50 m the line is included in Figs. 6 and 7. As expected, the
spatial distribution of HRP (hours at rated power) closely resem-
bles the spatial patterns of the wind speeds and capacity factors.
Here, an average of approximately 1300–1800 HRP may be
expected for large areas over the open North Sea. The values are
slightly higher in the northern parts and rapidly decrease towards
the coast; in these areas, only approximately 50–60% of the off-
shore values are achieved (Fig. 6(b)).
The power-velocity curve we used is similar to those used in
(EEA, 2009). The wind speeds presented here are comparable to
slightly higher than those of (EEA, 2009). The equivalent FLHs,
which are the capacity factor times 8760 h, is approximately 3000
based on (EEA (2009, Map 3.2)). Some differences may be asso-
ciated with the manner in which these values were computed. For
example, in (EEA, 2009), a neutrally stable boundary layer was
assumed when deriving the hub wind speeds from near-surface
wind speeds (10 m); moreover, a Weibull distribution was used to
estimate the annual wind speed variations to obtain the EFLH
values. In this study, no such assumptions were made. We used
hourly wind speed data from the model output at a height of
100 m (hub) as spline interpolated values between 69 and 116 m
to directly account for thermal effects and wind speed variability
over a year. To assess the magnitudes of these effects, sensitivity–2012. The locations of the planned wind parks are labelled using the abbreviations
Fig. 6. (a) Long-term average capacity factor derived from the wind conditions at a height of 100 m based on the synthetic power curve shown in Fig. 4, (b) long-term annual
mean of hours at rated power (h), for wind speeds exceeding 15 m/s but less than 25 m/s. Both panels are for the period of 1958–2012. The border of areas with water depths
less than 50 m is marked.
Fig. 7. Long-term average difference in % between EFLH based on wind speeds at a height of 10 m extrapolated using a power law and the direct model output at a height of
100 m for the period 1958–2012. The border of areas with water depths less than 50 m is marked.
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(Emeis, 2013) similar to that in (EEA, 2009) to exclude thermal
effects on the vertical wind speed proﬁle (Fig. 7). The exponent for
the power law was set to the value which is given for conditions
over water: 0.11. In doing so, a surplus of 200–400 EFLH was cal-
culated for the open North Sea when wind speeds were extra-
polated base on data at a height of 10 m. The effect of the coastsdepends on the locations relative to the mean wind direction. Near
the western coasts of the North Sea, the power law extrapolation
underestimated the values, whereas near the eastern coasts, the
extrapolation resulted in overestimates. At a height of 120 m the
spatial pattern is similar to that found for a height of 100 m, but
EFLH values are roughly 100 h/year higher (not shown). For the
comparison again the normalized power curve was used, so it was
B. Geyer et al. / J. Wind Eng. Ind. Aerodyn. 147 (2015) 18–29 25not taken into account that the disc area of the turbine is larger for
turbines with greater hub heights which scales with the power of
2. For the English Channel we found higher EFLH values than given
in (EEA, 2009) which cannot be explained by the different meth-
ods in determining the wind speed in the height of 120 m. For the
other areas the differences cannot be detected due to rough clas-
siﬁcation provided in (EEA, 2009).
The sensitivity of the EFLH values to the shape of the power
curve was tested with the use of a modiﬁed power curve, where
the rating power is achieved already at 12 m/s. The number of
hours at rated power is very sensitive with a factor of 2, but the
energy production is hardly effected with values around 0.5%.
Next, examples of wind speed and capacity distributions are pro-
vided for a few planned large arrays. Approximately 20% of the
planned offshore wind capacity will be installed in the southwest
German Bight. On average, the wind speed at a height of 100 m
exhibits an expected annual cycle in which the lowest values (8 m/s)
occur in summer and the highest values (12 m/s) occur inwinter (data
not shown); this seasonality corresponds to maximum capacity factors
of approximately 0.3–0.4 and 0.6–0.8, respectively. In the long-term,
the annual mean capacity factor is approximately 0.53. Therefore,
approximately 53% of the installed capacity will be available when
ignoring other effects, such as maintenance downtime (Table 2).
The median is slightly higher (approximately 0.6; data not
shown). Most of the time (more than 75%), the array could be
expected to operate in the intermediate range, i.e., between the
cut-in and rated power. The rated power hours account approxi-
mately 16% of the time, while the array would be unavailable for
approximately 8% of the time due to high or low wind conditions.
For all other arrays comparable numbers are expected (Table 2).
Again, the potential tend to be higher towards the north and away
from the coasts. With the exception of Ijmuiden East, all arrays are
characterized by approximately 12–17% HRP and weather down-
times (stormy and calm conditions) of approximately 7–8%. Once
the meteorological conditions are conductive for an array toTable 1
Basic wind speed statistics at observation points.
Site Obs (m/s) CCLM (m/s) Diff. (m/s)
K13a 8.0 8.2 0.19
Europlatformb 7.7 7.8 0.11
Ekoﬁsk 8.3 8.7 0.40
Fino1 9.7 9.7 0
Cabauw 100 m 7.3 7.3 0.04
Cabauw 10 m 4.2 4.4 0.21
Listc 7.0 7.5 0.50
a Potential wind: station measurements at K13 were measured at a height of 73.8 m
b Potential wind: station measurements at Europlatform were measured at a height o
c The observational height changed from 14 m to 12 m on 1964/11/24 and to 10 m on
Table 2
Basic statistics of the simulated conditions at the planned wind park sites: planned capa
speed at a height of 100 m for the period of 1958–2012 (WSS100); capacity factor due to
or stormy conditions (Downtime); mean duration of rated power situations (Dur. HRP), w
protection shut down (Dur. Storms).
Site/Area Planned cap.
(MW)
WSS100
(m/s)
CF
(%)
HR
(%
Irish Sea (IRS) 8130 (11%) 9.64 51 15
Hornsea (HRS) 7219 (10%) 9.77 52 15
Doggerbank (DGB) 9000 (12%) 10.1 54 17
London array (LNA) 5609 (7%) 9.31 49 12
Norfolk Ijmuiden (NFI) 11105 (15%) 9.63 51 14
Ijmuiden East (IJE) 8160 (11%) 8.58 43 8
NE German Bight(GBN) 9500 (13%) 9.85 53 14
SW German Bight(AV) 15845 (21%) 9.81 53 14operate at full load, such conditions may prevail for an average of
9–10 h. Similarly, the average downtimes are typically 3–4 or 6–
7 h because of stormy or calm weather conditions, respectively
(Table 2).
3.2. Long-term variability and trends
Considerable decadal variability occurs in the wind energy
potentials derived from the multi-decadal hindcast, which is illu-
strated in Fig. 8 in terms of the decadal wind speed anomalies.
The wind speeds at a height of 100 mwere less than the long-term
average during the 1960s and the 1970s over most regions of the
North Sea. Subsequently, the 1980s were characterized by conditions
similar to the long-term average. During the 2000s and particularly
during the 1990s, wind speeds were well above the long-term aver-
age. The wind speeds at a height of 10 m exhibit a similar pattern.
Parameters that characterise the wind energy potential, such as the
capacity factor, HRP or weather downtime, closely follow the decadal
wind speed variations. This ﬁnding is qualitatively illustrated in
Table 3. The HRP values are particularly low during the 1970s, i.e.,
approximately 5–10% below the long-term average over the North Sea.
Conditions similar to the long-term average only occurred in the
northern portion of the study domain (data not shown). During the
1960s, the situation was slightly better, the values were similar to the
long-term average over most of the North Sea, while larger (negative)
deviations primarily occurred in coastal areas. The 1980s were char-
acterized by conditions close to the long-term average over most of
the North Sea. The HRP values were as much as 5% higher in the
German Bight and as much as 15% higher in the coastal areas of the
southern and eastern North Sea. During the 1990s, the HRP values
were generally higher over the entire North Sea; the largest values
occurred in coastal areas. However, the 2000s exhibited some differ-
ences; the HRP values approximately 10% higher over the English
Channel, while values near the long-term average occurred north of
approximately 55° N. The capacity factors and downtimes due toRMSE (m/s) Corr. (-) Period
2.6 0.79 07/1996–12/2012
2.4 0.81 07/1996–12/2012
3.0 0.76 01/1980–01/1995
2.8 0.81 04/2000–2009
2.3 0.77 02/1986–02/1997 and
1.6 0.77 04/2000–12/2010
3.4 0.56 1950–2013
corrected to a height of 10 m with a roughness length of 0.002 m.
f 29.1 m and corrected to a height of 10 m, with a roughness length of 0.002 m.
1995/12/01; the data were interpolated to 10 m using a roughness length of 0.03 m.
city in MW and the percentage of the total capacity of all listed parks; mean wind
wind conditions (CF), portion of hours at rated power (HRP); downtime due to calm
ind speeds below the cut-in velocity (Dur. Calm), and wind speeds above the storm-
P
)
Down-time
(%)
Dur. HRP
(h)
Dur. calm
(h)
Dur. storms
(h)
8 9 7 3
7 10 7 4
7 10 7 4
8 9 7 3
7 10 7 4
8 8 7 3
7 10 6 4
7 10 7 4
Fig. 8. Deviations of decadal averages of annual mean wind speeds at 100 m height from the corresponding long-term mean (Fig. 5) in %. (a) 1960 s, (b) 1970 s, (c) 1980 s,
(d) 1990 s, and (e) 2000 s.
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B. Geyer et al. / J. Wind Eng. Ind. Aerodyn. 147 (2015) 18–29 27weather conditions exhibited similar behaviours (Table 3). Generally,
the decadal variability was largest in the coastal areas and was slightly
smaller as the offshore distance increased.
Based on all of the analysed parameters, the wind energy
potential was largest during the 1990s and the 2000s. Note that
many measurements were collected during the last decades. The
variability estimated from the hindcast suggests that estimates
based on short records may overestimate wind energy potentials.
In terms of capacity factor this could be in the range of 5–10% on
average. The evaluation of the long-term hindcast in terms of WPD
results in a variability of roughly 715% for the last decades (not
shown). This matches the decadal variability of WPD of approxi-
mately 30% given by Pryor et al. (2012).
Fig. 9 illustrates the situation in more detail for the south-western
German Bight. The minimum annual mean wind speed occurred in
approximately 1970. The ﬁve-year moving average of the wind speed
subsequently increased to its maximum in the early 1990s before
decreased again. A second maximum occurred in the late 2000s. The
temporal development of the capacity factor exhibited a similar
behaviour. The HRP values were low prior to approximately 1980,Table 3
Range of deviations over the North Sea for the long-term average of the capacity
factor (CF), rated power hours (HRP), and downtimes due to calm (Downtime Calm)
or stormy conditions (Downtime Storm).
Decade CF (%) HRP (%) Downtime calm (%) Downtime storm (%)
1960s 3–0 10–0 0–10 20–0
1970s 3–0 10–0 0–15 30–0
1980s 0–2 0–10 5–5 20–20
1990s 1–4 5–15 10–0 10–50
2000s 0–3 0–10 10–0 10–10
Fig. 9. Time series of annual means as blue lines of (a) wind speed at 100 m height in m/s
(d) weather downtime caused by too low and too high wind speeds in hours for the array
and Maxima including the year, when they occur are given below each diagram.while higher values occurred thereafter. The downtime was primarily
caused by low wind speeds. The downtime was largest in approxi-
mately 1970 and subsequently decreased towards the end of the
simulation period.
Fig. 10 shows the combined power output of the largest arrays
planned in the North Sea (the potential weighted by the projected
capacity).
The long-term average, the wind energy potential of these arrays is
approximately 35 GW or 54% of the installed capacity. Fig. 10 suggests
that there is pronounced inter-annual and decadal variability, with a
minimum of approximately 33 GW in 1971 and a maximum of
approximately 42 GW in 2008. Generally, the variability is coherent
between the different arrays, i.e., whenever an array annual produces
values below/above the average, it is likely that all other arrays also
produce values below/above the average. This ﬁnding indicates that,
ﬂuctuations are likely to accumulate and to increase the overall
volatility, at least over annual or longer time scales. Moreover, no
synergy effects can be expected between the arrays on these time
scales. It cannot be expected that low power production of one array
would be balanced by high production of another array in the
North Sea.4. Summary and discussion
The current study extends the knowledge of potential wind power
for the North and Baltic Seas offered by the EEA (2009). The EEA
focused on areas with water depths less than 50m and offshore dis-
tances of less than 50 km; the current analysis includes the entire sea.
The information on spatial variability is enlarged by differentiation of
the wind speed and power classes. Long-term variability plays an
important role in assessing the expected power output of a planned, (b) the capacity factor, (c) corresponding number of hours at rated power in h, and
Southwest German Bight. Black lines indicate the ﬁve year moving average. Minima
Fig. 10. Time series of annual power output of eight major arrays planned in the
North Sea using hourly wind speeds from our multi-decadal hindcast, the synthetic
power-velocity curve from Fig. 4 and the planned capacities denoted in Table 2.
Wake and line losses and losses due to operational unavailability are not taken into
account.
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period of 1958–2012 derived from the multi-decadal coastDat2
atmospheric simulation (Geyer and Rockel, 2013) were used to analyse
the variability in the wind speed, the power over time and the
variability along the coasts. The quality analysis of the simulated wind
speeds showed a good agreement between simulation and observa-
tion. It was done by point comparisons over sea and for coastal land
stations with correlations of about 0.8 and absolute biases between
0 and 0.4 over sea (Table 1). The Brier skill score analysis was used not
only for the quality assessment but also for the added value estima-
tion, i.e., the declaration, where the dynamical downscaled wind
speed data better agree to satellite observations by QuikSCAT than the
forcing, in our case NCEP1. We found an added value in all wind speed
ranges along the coasts with pronounced improvements for wind
speeds higher than 12m/s and an outperforming of the forcing for
wind speeds higher than 17m/s.
The variability in time of the wind speeds at a height of 100 m
was analysed with following results: The wind speeds were below
the long-term average during the 1960s and the 1970s over most
regions of the North Sea. Subsequently, the 1980s were char-
acterized by conditions similar to the long-term average. During
the 2000s and particularly during the 1990s, the wind speeds were
considerable above the long-term average. Based on all of the
analysed parameters, the wind energy potential was largest during
the 1990s and the 2000s. Many measurements were collected
during the last decades. The variability estimated from the hind-
cast suggests that estimates based on short records may over-
estimate wind energy potentials. In terms of capacity factor this
could be in the range of 5–10% on average. The evaluation of the
long-term hindcast in terms of WPD results in a variability of
roughly 715% for the last decades (not shown). This matches the
decadal variability of WPD of approximately 30% given by Pryor
et al. (2012).
To summarize the ﬁndings of the current study, the following
conclusions can be drawn: (a) Inter-annual to decadal variability
plays an important role in wind energy; wind power estimates
based on short observational time series, particularly from the late
1990s, may exhibit high biases. (b) Up-scaling fromwind speeds at
a height of 10 m using conventional power laws may result in
similar biases. (c) On inter-annual to decadal time scales, synergies
are not expected from the different arrays in the North Sea, i.e., a
decrease in the power output of an array may not be balanced by
another. Instead, the joint production by all arrays is characterized
by higher volatilities compared with that from a single array.Acknowledgements
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